ALMA 870 µm continuum imaging has uncovered a population of blends of multiple dusty starforming galaxies (DSFGs) in sources originally detected with the Herschel Space Observatory. However, their pairwise separations are much smaller that what is found by ALMA follow-up of other single-dish surveys or expected from theoretical simulations. Using ALMA and VLA, we have targeted three of these systems to confirm whether the multiple 870 µm continuum sources lie at the same redshift, successfully detecting 12 CO(J = 3-2) and 12 CO(J = 1-0) lines and being able to confirm that in the three cases all the multiple DSFGs are likely physically associated within the same structure. Therefore, we report the discovery of two new gas-rich dusty protocluster cores (HELAISS02, z = 2.171 ± 0.004; HXMM20, z = 2.602 ± 0.002). The third target is located in the well known COSMOS overdensity at z = 2.51 (named CL J1001+0220 in the literature), for which we do not find any new secure CO(1-0) detection, although some of its members show only tentative detections and require further confirmation. From the gas, dust, and stellar properties of the two new protocluster cores, we find very large molecular gas fractions yet low stellar masses, pushing the sources above the main sequence, while not enhancing their star formation efficiency. We suggest that the sources might be newly formed galaxies migrating to the main sequence. The properties of the three systems compared to each other and to field galaxies may suggest a different evolutionary stage between systems.
INTRODUCTION
Galaxies luminous in the far-IR (FIR) and submillimeter (submm) wavelengths comprise the most intense starbursts in the universe, known as dusty star-forming arXiv:1905.08813v1 [astro-ph.GA] 21 May 2019 galaxies (DSFGs; see Casey et al. 2014 , for a review). With a redshift distribution that peaks at z ∼ 2-3 (e.g., Chapman et al. 2005) , they constitute an important component of the overall galaxy population at z ∼ 2 (e.g., Magnelli et al. 2011) . DSFGs are promising candidates to trace galaxy clusters in formation in formation, the so-called protoclusters (see Overzier 2016) . DSFGs have also been proposed as progenitors of the most massive elliptical galaxies in the local universe (e.g., Cimatti et al. 2008; Ricciardelli et al. 2010; Fu et al. 2013; Ivison et al. 2013; Toft et al. 2014; Gómez-Guijarro et al. 2018) .
At z 4 overdensities of galaxies with associated DSFGs have been discovered: GN20 (e.g., Daddi et al. 2009 ), HDF850.1 (e.g., Walter et al. 2012 ), AzTEC-3 (e.g., Riechers et al. 2010; Capak et al. 2011; Riechers et al. 2014) , CRLE and HZ10 (e.g., Capak et al. 2015; Pavesi et al. 2016 Pavesi et al. , 2018a , DRC (e.g., Oteo et al. 2018) , SPT2349-56 (e.g., Miller et al. 2018 . At 2 z 3 several confirmed protoclusters containing dozens of galaxies are known to be DSFGs-rich: GOODS-N z = 1.99 protocluster (e.g., Blain et al. 2004; Chapman et al. 2009 ), CL J1449+0856 (e.g., Gobat et al. 2011; Valentino et al. 2015 Valentino et al. , 2016 Coogan et al. 2018) , COS-MOS z = 2.10 protocluster (e.g., Spitler et al. 2012; Yuan et al. 2014 ), MRC1138-256 (e.g., Kurk et al. 2000; Dannerbauer et al. 2014 ), COSMOS z = 2.51 protocluster (e.g., Bertoldi et al. 2007; Aravena et al. 2010; Casey et al. 2015; Wang et al. 2016; Cucciati et al. 2018; Wang et al. 2018) , SSA22 (e.g., Steidel et al. 1998; Umehata et al. 2015 ) (see also Casey 2016) .
Large angular scale clusters and cluster candidates have been found by the Herschel Space Observatory and Planck satellite (e.g., Clements et al. 2014 Clements et al. , 2016 Planck Collaboration et al. 2016; Greenslade et al. 2018; Martinache et al. 2018) . In particular, Herschel has scanned wide fields at FIR and submm wavelengths with the Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010 ) at 250, 350, and 500 µm (e.g., Eales et al. 2010; Oliver et al. 2012) . The nature of the Herschel /SPIRE wide beam detections is diverse. Among them, gravitationally-lensed (e.g., Negrello et al. 2010; Bussmann et al. 2012; Wardlow et al. 2013; Bussmann et al. 2013; Cañameras et al. 2015) and z > 4 DSFGs (e.g., Riechers et al. 2013; Dowell et al. 2014; Donevski et al. 2018 ) have been identified in large numbers, with follow-up high spatial resolution observations proven to be very important to uncover their nature. Recently, Herschel /SPIRE detections have also found to be blends of multiple DSFGs that could constitute protoclusters (e.g., Bussmann et al. 2015 ) (see also Silva et al. 2015) . Bussmann et al. (2015) presented ALMA 870 µm observations of 29 bright Herschel /SPIRE DSFGs from the HerMES survey (Oliver et al. 2012 ). The ALMA imaging surprisingly showed that 20/29 objects comprise multiple DSFGs located within a few arcseconds of each other. Such a high fraction with small pairwise physical separations are almost completely unexpected from both a theoretical perspective (Hayward et al. 2013; Cowley et al. 2015; Muñoz Arancibia et al. 2015; Hayward et al. 2018) as well as previous high spatial resolution followup of the LArge APEX BOlometer CAmera (LABOCA) and the Submillimetre Common-User Bolometer Array (SCUBA) single-dish observations (Hodge et al. 2013; Wardlow et al. 2018) , suggesting that a portion of the ALMA 870 µm counterparts are due to line-of-sight projection effects and are not physically related. In order to investigate whether they are physically associated or not it is necessary to have spectroscopic data with sufficient spatial resolution to distinguish the ALMA counterparts from each other.
In this work we present follow-up CO line observations of three Herschel candidate protoclusters from Bussmann et al. (2015) aiming to confirm whether the multiple ALMA 870 µm continuum sources are located at the same redshift or are line-of-sight projections. Note that we will refer to these associations of multiple DSFGs within a few arcseconds of each other as protocluster cores. It is known that the small field of view (FOV) of the ALMA observations is only able to detect the densest peaks of protocluster structures. Confirmation of a larger structure of members located at a similar redshift studying whether the structures will evolve into a cluster at z = 0 is required to properly establish the protocluster nature of the candidates, which is beyond the scope of this work (e.g., Chiang et al. 2013; Muldrew et al. 2015; Chiang et al. 2017) .
The layout of the paper is as follows. We introduce the sample and data in Section 2. In Section 3 we present the analysis of the observations. Gas, dust and stellar properties of the targets are explored in Section 4. We discuss the results, comparing with field galaxies and protoclusters in Section 5. Summary of the main findings and conclusions are in Section 6.
Throughout this work we adopted a concordance cosmology [Ω Λ , Ω M , h] = [0.7, 0.3, 0.7] and Chabrier initial mass function (IMF) (Chabrier 2003) .
2. SAMPLE AND DATA
Herschel Candidate Protoclusters
We followed up the three sources in the original Herschel -ALMA sample from Bussmann et al. (2015) with the highest multiplicity rate. Each target has at least Figure 1 . Overview of the sample. Top row: HELAISS02 and HXMM20 30 ×30 HST /WFC3 F160W and Spitzer /IRAC 3.6 µm images. Bottom row: HCOSMOS02 120 ×120 and 30 ×30 zoom-in of the central region HST /WFC3 F160W and Spitzer /IRAC 3.6 µm images. ALMA 870 µm contours are overlaid in red (starting at ±3 σ and growing in steps of ±1 σ, where positive contours are solid and negative contours dotted). CO(1-0) detections presented in Section 3 are encircled and labeled in white.
four ALMA 870 µm counterparts (see Figure 1 for an overview of the sample). Briefly, the original sample of 29 Herschel /SPIRE DSFGs in Bussmann et al. (2015) was selected to be the brightest set of targets in the ALMA-accessible portion of HerMES (Oliver et al. 2012) available at the time of the Cycle 0 deadline. The intention was to assemble the largest sample of lenses possible, but a comparison of optical imaging with the ALMA imaging surprisingly showed that most of the objects in this subset comprise multiple DSFGs located within a few arcseconds of each other.
The targets HELAISS02 and HXMM20 are new protoclusters candidates. HCOSMOS02 was originally reported in the literature as COSBO-3 by Bertoldi et al. (2007) and shown to be an overdense region with a photometric redshift z ∼ 2.2-2.4 in Aravena et al. (2010) (see also Smolčić et al. 2012) . Several works have been recently focused on this source. Casey et al. (2015) spectroscopically confirmed some galaxies in HCOS-MOS02 using Keck/MOSFIRE. Wang et al. (2016) (source named CL J1001+0220) reported that there is evidence of virialization and define it as a cluster (see also Daddi et al. 2017; Wang et al. 2018) . It also appears to be related with a larger structure composed of several density peaks spanning 2.42 < z < 2.51 (Diener et al. 2013 (Diener et al. , 2015 Chiang et al. 2015; Casey et al. 2015; Lee et al. 2016; Cucciati et al. 2018) . We carried out a redshift search for 12 CO(J = 3-2) for HELAISS02 and HXMM20 and 12 CO(J = 1-0) for HXMM20 using prior photometric information that placed our targets at 1.5 < z < 3.5 with high certainty. In the case of HCOSMOS02, the redshift was established from our Combined Array for Research in Millimeterwave Astronomy (CARMA) 3 mm observations targeting 12 CO(J = 3-2) (see Section 2.4), independently from the Keck/MOSFIRE Hα detections in Casey et al. (2015) and the NOrthern Extended Millimeter Array (NOEMA) 12 CO(J = 5-4) confirmed with NSF's Karl G. Jansky Very Large Array (VLA) 12 CO(J = 1-0) observations in Wang et al. (2016) . Knowing the redshift of HCOSMOS02, we performed 12 CO(J = 1-0) and 12 CO(J = 4-3) observations.
ALMA Observations
We carried out a spectral scan of the 3 mm band with ALMA band 3 during Cycle 3 (program 2015.1.00752.S; PI: R. S. Bussmann) targeting 12 CO(J = 3-2) transition line (ν rest = 345.79599 GHz) for HELAISS02 and HXMM20.
Observations of HELAISS02 were executed between 2016 May 27 and June 17 with 46 usable 12-m antennae. The shortest and longest baselines were 12 m and 741 m, respectively. The resulting on-source spectral scan integration time was 25.5 min. The correlator was set up in five different tunings every one containing four spectral windows of 1.875 GHz each at 31.25 MHz (94.95 km s −1 at 98.664 GHz) resolution in dual polarization, covering the frequency range 84-113.2 GHz. The radio quasar J2357-5311 was observed as bandpass and secondary flux calibrator and the radio quasar J0030-4224 as amplitude and phase calibrator. Pallas was set to the primary flux calibrator, but it was not observed in the first tuning, so we substituted it for our secondary flux calibrator J2357-5311 in all tunings to be consistent. The flux calibration using J2357-5311 is 15% lower than using Pallas.
HXMM20 observations were taken on 2016 June 12 with 38 usable 12-m antennae. The shortest and longest baselines were 13 m and 704 m, respectively. The onsource spectral scan integration time was 11.6 min. The correlator configuration was identical to that of HELAISS02. The radio quasars J0006-0623 and J0238+1636 were observed as bandpass and flux calibrators, the first object for the first tuning and the second object for the rest of the tunings. The radio quasar J0209-0438 was observed for amplitude and phase calibration of all the tunings. Pallas was also part of the observations, but the QA assessed a discrepancy of 30% between the model and the calibrator catalogue; therefore, it was rejected as flux calibrator.
The Common Astronomy Software Applications (CASA; McMullin et al. 2007, version 4.6 .0 for HELAISS02 and version 4.5.6 for HXMM20) packages were employed for data reduction and analysis. HELAISS02 and HXMM20 data were mapped using the CLEAN algorithm with natural weighting to get the best point source sensitivity. We used custom masks enclosing the emitting regions in each channel, cleaning down to a 2 σ threshold. For HELAISS02, the resulting synthesized beam size is 1. 36×1. 14 and the primary beam half power beam width (HPBW) Line free channels were combined to measure the continuum at ∼ 3 mm (see Table 1 and Figure 2 ), resulting in a rms noise of ∼ 13 µJy beam −1 for HELAISS02 and ∼ 22 µJy beam −1 for HXMM20, at the phase center. Continuum subtraction is not needed since the continuum level is negligible at the rms noise of the line channels.
VLA Observations
A spectral scan was also carried out with VLA, Ka and Q bands during Cycle 15 semester B (program 15B-065; PI: R. S. Bussmann). We targeted 12 CO(J = 1-0) transition line (ν rest = 115.27120 GHz) for HXMM20 and HCOSMOS02.
Observations of HXMM20 were taken between 2015 Oct 22 and Nov 14 in D array configuration (shortest baseline 31 m, longest baseline 997 m). Total on-source spectral scan integration time was 6.7 h. We configured three correlator tunings covering Ka and Q band frequencies, each one containing four basebands of 2 GHz using the 3-bit sampler that provides 2 MHz channels in dual polarization, covering the frequency range 26.5-48 GHz. The radio quasars 3C 147 and J0215-0222 acted as flux/bandpass and amplitude/phase calibrators, respectively.
HCOSMOS02 was observed between 2015 Oct 24 and Nov 6 in D array configuration (shortest baseline 34 m, longest baseline 922 m). Given the known redshift of this source from our CARMA observations targeting CO(3-2) (see Section 2.4) and independently found by Wang et al. (2016) from CO(1-0), we selected Ka band with the correlator set up covering the frequency range 31.5-33.5 GHz using the 3-bit sampler providing 2 MHz channels in dual polarization. The radio quasars 3C 147 and J1018+0530 were used as flux/bandpass and amplitude/phase calibrators, respectively. Additional data is available for HCOSMOS02 from two archival programs (program 15B-210; PI: C. Casey, and program 15B-290; PI: T. Wang. For an upcoming independent analysis of the archival data, see J. Champagne et al., in prep.) We concatenated all three programs, for a total on-source integration time of 33.3 h. Together the programs cover the frequency range 31.5-34.2 GHz, but overlap just at 32.2-33.4 GHz.
CASA (version 4.5.0) was employed for reduction and analysis. We imaged HXMM20 using a robust = 0.5 Briggs weighting scheme (Briggs 1995) as it gave the best compromise between the spatial resolution required to deblend the different ALMA counterparts and the sensitivity to detect them. For HCOSMOS02 we used a natural weighting scheme to achieve the best point source sensitivity possible. For HXMM20 3.52 ± 0.41
5.26 ± 0.26 · · · 6.4 ± 1.9 S1
3.77 ± 0.32
a From Bussmann et al. (2015) .
Line free channels were combined to search for continuum emission at ∼ 32 GHz (see Table 1 and Figure 2), resulting in a rms noise of ∼ 3.5 µJy beam −1 for HXMM20 and ∼ 1.9 µJy beam −1 for HCOSMOS02, at the phase center. Continuum subtraction is not needed since the continuum level is negligible at the rms noise of the line channels.
CARMA and NOEMA Observations
A spectral scan was carried out with CARMA during 2011 (projects cx322 and c0673; PI: D. A. Riechers) targeting 12 CO(J = 3-2) for HCOSMOS02, since the redshift of this source was unknown at that time. Once the redshift was secured, we targeted 12 CO(J = 4-3) transition line (ν rest = 461.04077 GHz) with NOEMA, formerly known as the Plateau de Bure Interferometer (PdBI), for HCOSMOS02 (project W0AB; PI: D. A. Riechers).
CARMA observations were executed in seven tracks in E configuration between 2011 January 23 and February 10, plus one track in D configuration in 2011 May 25, using 10-15 antennas. Four regular tunings were set up covering 85.48-111.48GHz at 5.208 MHz resolution for the E configuration tracks and one custom tuning, within the frequency range of the four regular tunings, for the D configuration track. The resulting onsource spectral scan integration time was 11.9 h. The radio quasars J0927+390 and 3C273 were observed as bandpass calibrators and the radio quasar J1058+015 as phase calibrator. The radio quasars 3C84 and 3C273 were the flux calibrators. We employed MIRIAD for reduction and imaging. The resulting synthesized beam size at 100 GHz is 4. 47×2. 80 (primary beam HPBW 60. 6).
NOEMA observations were carried out in two tracks in D configuration observed on 2013 April 10 and 13 using 6 antennas. The tuning frequency was set at 131.139 GHz. We employed GILDAS for reduction and imaging. The resulting synthesized beam size at the tuning frequency is 3. 10×1. 77 (primary beam HPBW 38. 4).
CONFIRMATION OF PROTOCLUSTER CORES

HELAISS02
Our ALMA spectral scan targeting CO(3-2) for HELAISS02 successfully detected significant emission in all four ALMA 870 µm counterparts presented in Bussmann et al. (2015) . Therefore, we confirmed that they are located at the same redshift at a median value z = 2.171 ± 0.004.
We computed the moment-0 maps for each source, which represent the total intensity integrated over the velocity axis (see Figure 3) . The velocity channels selected for integration were the line channels that maximize the signal-to-noise ratio (S/N). In Figure 4 we present the spectra extracted at the pixel located at the peak of the 870 µm continuum emission. S0, S2 and S3 detections are secure, while S1 appears tentatively detected at S/N < 3 with its spectrum showing a symmetric negative peak in adjacent channels to the line due to potential sidelobe residuals. We measured centroids, widths and peak fluxes using the CASA task specfit fitting a single Gaussian component. The results are presented in Table 2 . In order to calculate the integrated line fluxes we performed a 2D Gaussian fit per source and per velocity channel in the spectral cube using the CASA task imfit. For each source we selected the channels used to create their respective moment-0 maps as those to be fitted. No significant emission was detected in the residuals beyond a point source fit; thus, we fixed the Gaussian width and position angle to those of the clean beam and the position to the 870 µm peak. The uncertainties in imfit are known to be too small when using fixed parameters, so the quoted uncertainties in Table 2 are the 1σ noise from the moment-0 maps instead. In addition, we calculated the line luminosity expressed in terms of the surface integrated brightness temperature (L CO ; Solomon et al. 1992) .
3 mm continuum emission was detected at S/N > 3 for all four ALMA counterparts as well (see Figure 2 ). Measurements were also extracted at the pixel located at the peak of the 870 µm continuum emission (see Table 1). a Source names correspond to those originally reported in Bussmann et al. (2015) .
b Coordinates correspond to those of the ALMA 870 µm continuum sources as originally reported in Bussmann et al. (2015) .
c Velocity offset is centered at the median redshift of the four sources. * Tentative detection.
HXMM20
The ALMA and VLA spectral scans targeted CO(3-2) and CO(1-0) for HXMM20, respectively. We detected significant emission in all the five ALMA 870 µm counterparts in Bussmann et al. (2015) . Therefore, we also confirmed that they are located at the same redshift at a median value z = 2.602 ± 0.002.
The moment-0 maps in Figure 3 show secure detections of S1 and a blend of S0, S2 and S3. S4 is securely detected in the ALMA CO(3-2) observations, although it is only tentatively detected at S/N < 3 in the VLA CO(1-0) observations. In Figure 4 we present the spectra extracted at the pixel located at the peak of the 870 µm continuum emission. We collect the line measurements in Table 3 , obtained following the same method as in HELAISS02. For HXMM20-S4 we fixed the centroid and width of CO(1-0) line to that of the CO(3-2), since due to the low S/N part of the emission was not properly accounted in a regular Gaussian fit with free parameters. In the case of HXMM20 the 2D Gaussian fit to calculate the integrated line fluxes is particularly important to properly deblend the emission of S0, S2 and S3, since it operates on each channel taking advantage of the variation of the spatial location of the emission that moves across the different sources in velocity space. For consistency, we checked that the recovered fluxes in these blended sources are consistent with that measured in a moment-0 map created by collapsing over the line channels of the three sources in an aperture enclosing all of them. Therefore, we are not double-counting flux in the blended sources. No significant emission was detected in the residuals beyond the point source fit.
We measured the line brightness temperature ratio r 31 = L CO(3−2) /L CO(1−0) , resulting in high values as observed in starburst galaxies such as submillimeter galaxies (SMGs; e.g., Bothwell et al. 2013 ). In the case of S1 is also consistent with thermalized level populations (see Table 3 ).
3 mm and 32 GHz continuum emission was detected for S0 and 3 mm for S3 (see Figure 2 ). Measurements were also extracted at the pixel located at the peak of the 870 µm continuum emission (see Table 1 ).
HCOSMOS02
The combined VLA programs for HCOSMOS02 (see Section 2 1 ) targeted CO(1-0) at the redshift of the source (z = 2.506, found by Wang et al. 2016 , and in our CARMA 3 mm data). We analyzed the ALMA 870 µm counterparts reported in Bussmann et al. (2015) (namely HCOSMOS02-S0, S1, S2, S3, and S4).
We carried out a line blind search over the whole frequency range covered by the combination of VLA programs in a FOV as large as the ALMA pipeline allows by default. The sensitivity decays as we move away from the phase center, following the primary beam response, and the pipeline masked regions below 10% of the phase center sensitivity. This corresponds to a FOV 1.6 × HPBW = 132. 0. The blind search was performed on the final image cube using MF3D 2 (Pavesi et al. 2018b ). This algorithm implements a Matched Filtering in 3D line search, which is optimized for Gaussian line profiles and either spatially unresolved or slightly resolved emission (see Pavesi et al. 2018b , for details). The purities analysis revealed that S/N > 5.8 is the threshold above which the ratio of spurious negative detections over positive detections is 0. At 5.0 < S/N < 5.8 we found 12 negative detections and 14 positive detections. We checked all the 5.0 < S/N < 5.8 sources. The line extraction showed symmetric negative peaks, or just consistent on spikes of two or three channels. Besides, they did not show an optical/near-IR counterpart. Therefore, we ended up discarding the sources in the range 5.0 < S/N < 5.8 since they were not reliable. We detected eight sources at S/N > 5.8 (namely S0, S1, S2, S4, S9, S11, S13, and S14).
Additionally, we analyzed the sources in Table 1 from Wang et al. (2016) and in Table 1 from Wang et al. (2018) that fall within our FOV, comprising all the sources in the tables except for those with the IDs 128484, 129305, 129444, 132636, 132627 that fall outside our FOV and, thus, below 10% of the primary beam sensitivity.
We show the moment-0 maps for each source in Figure 5 and their spectra in Figure 6 . Measurements were performed following the same method as in HELAISS02 and HXMM20. Spectra were extracted at the pixel peak of the 870 µm continuum emission for Bussmann et al. (2015) sources. In the case of the sources from the blind search the spectra were extracted at the position of the detection given by the code, which are consistent with the coordinates in Wang et al. (2016) for the sources that appear in this previous study. The spectra were binned at 100 km s −1 for the sources with S/N < 3. All measurements are collected in Table 4 .
The moment-0 maps show that S0, S1 and S2 look extended. However, checking the Spitzer /IRAC 3.6 µm (SPLASH; Capak et al., in prep.) image we found that both S0 and S2 are associated with two IRAC counterparts each. In the case of S1 there is no additional IRAC counterpart at the northeast where the excess of CO emission is located, but this excess can be well modeled by an additional component covering a frequency range that is narrower and blueshifted respect to S1. The 2D Gaussian fit for S0, S1 and S2 was performed using an extra component on each source centered at the coordinates of the additional IRAC counterparts for S0 (namely S6), S2 (namely S7), and northeast of S1 with no additional IRAC counterpart (we included its flux contribution in S1). No significant emission was detected beyond the point source fit with the extra components. For consistency, we checked that the recovered fluxes in these blended sources are consistent with that measured in a moment-0 map created by collapsing over the line channels of the blended sources in an aperture enclosing all of them and, thus, we are not doublecounting flux (as done for HXMM20 in Section 3.2).
All the Bussmann et al. (2015) sources were securely detected, except for S3, which was only tentatively detected containing potential sidelobe residuals and a symmetric negative peak in the adjacent line channels. S3 is known for displaying prominent stellar, 870 µm, and 1.4 GHz continumm emission, hosting a radio loud AGN (Wang et al. 2016; Daddi et al. 2017 ). In the case of the sources from Wang et al. (2016) and Wang et al. (2018) we detected the same sources except for those with the IDs 132044 and 131661, at which position we did not retrieve significant emission at S/N > 2. Note that we also report S6, additional IRAC counterpart next to S0, and also S8 and S12, both of which have IRAC counterparts, but detected at S/N < 3 and also showing possible sidelobe residuals, which we classify as tentative. The blind search arose a tentative detection for an extra source namely S13 and an extra secure source namely S14 part of the structure encompassing a larger redshift range (Diener et al. 2013 (Diener et al. , 2015 Chiang et al. 2015; Casey et al. 2015; Lee et al. 2016; Cucciati et al. 2018) . Note that the sources with IDs 132617 and 129444 in Wang et al. (2016) and Wang et al. (2018) were not covered by our Table 3 . HXMM20 CO(1-0) and CO(3-2) Line Measurements a Source names correspond to those originally reported in Bussmann et al. (2015) .
c Velocity offset is centered at the median CO(3-2) redshift of the five sources. * Tentative CO(1-0) detection. Centroid and width were fixed to that of CO(3-2).
FOV that stops at 10% of the sensitivity at the phase center.
All the tentative sources with S/N < 4 and affected by potential sidelobe contamination need further observations to be securely confirmed.
Additionally, our CARMA program searched for CO(3-2) and our NOEMA program targeted CO(4-3) (see Section 2.4). S0 and S2 are detected in CO(3-2) and S0, S1, and S2 in C0(4-3). Note that the beam size is larger in these observations than in VLA, especially in the case of CARMA. Therefore, CO(3-2) and CO(4-3) could come from several or different neighboring sources. The case of S2 is particularly clear, since CO(3-2) and CO(4-3) line detections are offset in velocity from that of CO(1-0), but also the spatial location of the CO(3-2) and CO(4-3) emissions point towards a contribution from S7, which CO(1-0) is slightly broader and offset from that of S2. The line ratios are unphysical when considering that the CO(3-2) and CO(4-3) are associated to a single source. However, they become physical when adding up the CO(1-0) contribution from S5 and S6 to S0 and the CO(1-0) contribution from S7 to S2.
33 GHz continuum emission was detected at S/N > 3 slightly offset form S0, S2 and S4 (see Figure 2 ).
GAS, DUST AND STELLAR PROPERTIES
In this section we derive the gas, dust and stellar properties of the confirmed new protoclusters cores HELAISS02 and HXMM20. Particularly, we calculated the molecular gas masses, infrared luminosities, star formation rates, and stellar masses. Note that in the case of HCOSMOS02 these properties have been well studied in Wang et al. (2016) and Wang et al. (2018) ; therefore, we use the values obtained in those works, with updated molecular gas masses based on our CO observations. We compared our CO(1-0) line luminosity values with those in Wang et al. (2018) . The median of the relative difference between the two estimates is ∼ 7% and, thus, we argue that there are no systematics between the two works. Individually, the estimates are in good agreement within a factor of two (for the comparison we added up S6 to S0 to be compared with 131077 in Wang et al. (2018) and added up S8 to S2 to be compared with 130949 in Wang et al. (2018) ).
CO-based Estimates of M H2
One of the most commonly used methods to derive the molecular gas mass (M H2 ) is by measuring the CO(1-0) Bussmann et al. (2015) for S0 to S4. The rest of sources are named subsequently with increasing velocity and their coordinates correspond to the position where the spectrum was extracted as explained in Section 3.3.
b From Wang et al. (2016) .
c Velocity offset is centered at the median redshift of sources. * Tentative detection. Table 5 . HCOSMOS02 CO(3-2) and CO(4-3) Line Measurements
149 ± 31 87 ± 31 225 ± 73 181 ± 74 3.7 ± 1.0 4.6 ± 1.6 a a Table 4 . * CO(1-0) contribution from S5 and S6 added up to S0 and CO(1-0) contribution from S7 added up to S2. The source to which each panel refers to is marked with a yellow cross (note that sources spanning a similar velocity range appear also in the panel by construction of a moment-0 map). Contours start at ±3 σ and grow in steps of ±1 σ, except for HELAISS02 CO(3-2) S1 and HXMM20 CO(1-0) S4 that start at ±2 σ. Positive contours are solid and negative contours dotted. . HELAISS02 CO(3-2), HXMM20 CO(3-2), and CO(1-0) spectra of the 870 µm continuum sources reported in Bussmann et al. (2015) . The spectra are ordered according to that nomenclature. Velocity offset for each protocluster core is centered at the median redshift of their sources given by the CO(3-2) transition.
line luminosity (L CO(1−0) ) and assuming an α CO conversion factor that relates them through:
α CO depends on metallicity and likely on the mode of star formation. In the absence of direct gas-phase metallicities and since the majority of our targets are massive (M * > 10 10 M , Table 6 ), we assumed a solar metallicity for all sources. Then, we adopted α CO = 3.5 as reported in Magdis et al. (2017) for normal SFGs at solar metallicity, calculated as an average value from α CO -Z relations in the literature (Leroy et al. 2011; Genzel et al. 2012; Magdis et al. 2012 ). In the case of HELAISS02 we also converted the CO(3-2) measurements into a CO(1-0) line luminosity. For this conversion we used the line ratio r 31 = 0.69 ± 0.09 derived for HXMM20 from our data (see Table 3 ), assuming that the sample selection criteria are leading to a similar excitation. The M
CO H2
results are collected in Table 6 .
FIR Properties
The available photometry from mid-IR to submillimeter can be fitted to derive the dust mass (M dust ) from NOEMA moment-0 maps of the detected 870 µ continuum sources. The source to which each panel refers to is marked with a yellow cross (note that sources spanning a similar velocity range appear also in the panel by construction of a moment-0 map). Contours start at ±3 σ and grow in steps of ±1 σ, except for CO(1-0) S3, S5, S8, S10, S12 and S13 that start at ±2 σ. Positive contours are solid and negative contours dotted. Figure 6 . HCOSMOS02 CO(1-0), CO(3-2), and CO(4-3) spectra. Source names are those originally reported in Bussmann et al. (2015) for S0 to S4. The rest are named subsequently with increasing velocity. The spectra are ordered according to the nomenclature. Velocity offset is centered at the median redshift of the sources given by the CO(1-0) transition. Scaled CO(1-0) spectra are overlaid on top of the CO(3-2) and CO(4-3) in gray.
and infrared luminosity (L IR ) estimates of the different ALMA 870 µm continuum sources of each protocluster core. We acquired Spitzer /MIPS 24 µm measurements using the images publicly available from the Spitzer Wide-area Infrared Extragalactic Survey (SWIRE; Lonsdale et al. 2003) in the ELAIS-S1 and XMM-LSS fields, where our protocluster cores are located. Since the sources are blended, following Gómez-Guijarro et al. (2018), we got the fluxes by fitting a PSF model using GALFIT (Peng et al. 2002) . We required at least a 5σ detection to perform the fit. The number of PSFs and the PSFs centroids were set to the number and positions of the 870 µm continuum sources, allowing a shift in both the X and Y < 1 pixel from the initial positions. The sources are not detected in Spitzer /MIPS 70 µm or Herschel /PACS 100 and 160 µm imaging. In the case of Herschel /SPIRE 250, 350, and 500 µm we scaled the total fluxes presented in Bussmann et al. (2015) using the ratio of the 870 µm fluxes of each ALMA continuum source by the total 870 µm flux also presented in Bussmann et al. (2015) . Finally, we employed 3 mm fluxes presented in Table 1 .
We fitted the mid-IR to sub-millimeter spectral energy distribution (SED) with the Draine & Li (2007) models (DL07). The methodology has been presented in detail in various previous studies (e.g., Magdis et al. 2012; Berta et al. 2016 ). In brief, DL07 models describe the mid-IR to sub-millimeter spectrum of a galaxy by a linear combination of two dust components, one arising from dust in the diffuse interstellar medium (ISM), heated by a minimum radiation field U min ("diffuse ISM" component) and the other from dust heated by a power-law distribution of starlight, dM/dU ∝ U −α extending from U min to U max , associated with the intense photodissociation regions (PDRs, "PDR" component). The relative contribution of the two components is quantified by the parameter γ that yields the fraction of the dust exposed to starlight with intensities ranging from U min to U max . Finally, the properties of the grains in the dust models are parameterized by the polycyclic aromatic hydrocarbon (PAH) index, q PAH , defined as the fraction of the dust mass in the form of PAH grains. Each observed SED is fitted with a wide range of models generated by combinations of different set of parameters. For our case we considered models with q PAH = 0.4-4.6%, U min = 0.7-25, γ = 0.0-0.8, while following , we fixed U max = 10 6 , and α = 2. The best fit were derived through χ 2 minimization yielding to M dust , U min , γ and q PAH estimates. L IR was calculated by integrating the best fit to the SED in the range 8-1000 µm. To estimate the uncertainties of the parameters we created 1000 realizations of the observed SEDs by perturbing the photometry within the errors and repeating the fit. The corresponding uncertainties are defined by the standard deviation of the distribution of the derived quantities. The L IR and M dust estimates along with their uncertainties are listed in Table 6 , where SFR IR estimates were obtained using the L IR to SFR IR conversion from Kennicutt (1998) for a Chabrier IMF. In Figure 7 we present the observed SEDs along with best fit models as derived from our analysis.
Dust-based Estimates of M H2
A very efficient way to determine the molecular gas reservoir of the galaxies is through their dust emission, either using the metallicity-dependent gas-to-dust mass ratio technique (δ GD ) (e.g., Magdis et al. 2012; Berta et al. 2016) , which converts the M dust estimates to M gas through the well established, almost linear, gas-to-dust mass ratio vs gas-phase metallicity relation (M gas /M dust -Z); or through the single band measurement of the dust emission flux on the Rayleigh-Jeans (R-J) side of the SED (e.g., Scoville et al. 2014; Groves et al. 2015; Schinnerer et al. 2016) . Here, and thanks to the detailed coverage of the IR part of the spectrum of our objects, including the R-J tail of the SED, we are in position to use both techniques. We refer to these estimates as M GD gas and M RJ gas , respectively. First, we converted the M dust estimates, derived as described in the previous section, to M gas by adopting the M gas /M dust -Z relation of Magdis et al. (2012) (log(M dust /M gas ) = (10.54 ± 1.0) − (0.99 ± 0.12) × (12 + log(O/H))), where the metallicity is calibrated using the Pettini & Pagel (2004) scale. We assumed a solar metallicity for all sources that corresponds to a M gas /M dust ∼ 90. The corresponding uncertainties take into quadrature the uncertainties in M dust and adopting a 0.2 dex uncertainty in Z. Similarly, we converted the ALMA 3 mm (rest-frame ∼ 950 µm for HELAISS02 and ∼ 830 µm for HXMM20) flux densities of each source (except for HXMM20-S2, S3 and S4 that are not detected at 3 mm) to M gas through the equation 12 of Scoville et al. (2014) . The M gas estimates derived by the two approaches are in excellent agreement, compatible within the uncertainties, with an average ratio of 1.24 ± 0.23. This is not surprising given the implicit assumption of solar gas-phase metallicity in both approaches. The values are summarized in Table 6 . Finally, we note that these estimates yield the total gas budget of the galaxies, including contributions from the molecular (M H2 ) and the atomic phase (M HI ). However, assuming that for high-redshift relatively massive galaxies the molecular gas dominates over the atomic gas within the physical scale probed by the dust continuum observations, M H2 >> M HI (e.g., Blitz & Rosolowsky 2006; Bigiel et al. 2008; Obreschkow et al. 2009; Tacconi et al. 2010; Daddi et al. 2010a; Geach et al. 2011) , we can then write M gas = M H2 + M HI ≈ M H2 .
The CO-independent M H2 estimates derived using the two dust-based methods allow us to explore the α CO conversion factor of the different sources in each protocluster core (see Bolatto et al. 2013 , for a review). Papadopoulos et al. (2012b,a) concluded that α CO is affected by gas density and temperature, but mostly by the overall dynamical state of the gas. High values are related with self-gravitating gas clouds, such as those found in local star-forming disks like the Milky Way (MW) (e.g., α CO = 4.3 K km s −1 pc −2 Strong & Mattox 1996; Dame et al. 2001; Abdo et al. 2010) . Low values are associated to gravitationally unbound gas, such as disturbed gas in local major mergers (e.g., α CO = 0.8 K km s −1 pc −2 Solomon et al. 1997; Downes & Solomon 1998; Tacconi et al. 2008) . We employed M GD H2 , that could be derived for all sources, to calculate α CO . Our results in Table 6 show that HELAISS02 sources have a high α CO , while HXMM20 sources have a lower α CO . The integrated measurement for HELAISS02 displays a high α CO = 4.6 ± 2.4 consistent with those of MWlike disks, while the lower HXMM20 α CO = 1.8 ± 0.9 resembles better those found in mergers. Although the uncertainties are large, it is also worth noting that the lowest α CO are associated with the blended sources in HXMM20 (S0, S2 and S3), while the highest α CO are related with HELAISS02, where all the sources are well separated from each other, and HXMM20-S1 with a large distance to another neighboring source (with the exception of HXMM-S4, but which CO(1-0) flux is poorly constrained). This agrees with the interpretation of the overall dynamical state of the gas being the major contributor to α CO , with disturbed gas associated with lower α CO , which is likely the case of the blended sources of HXMM20, and bound gas linked to higher α CO , likely the case of the more isolated sources.
Stellar Masses
The ELAIS-S1 and XMM-LSS fields, where HELAISS02 and HXMM20 are respectively located, are covered by optical/IR data sets publicly available suitable to determine the stellar masses of the different optical/near-IR counterparts associated to the ALMA 870 µm continuum counterparts through SED fitting.
We employed optical/near-IR data from the VISTA Deep Extragalactic Observations (VIDEO; Jarvis et al. 2013 ) survey in the z, y, J, H, and K s bands; and mid-IR coverage from the Spitzer Extragalactic Representative Volume Survey (SERVS; Mauduit et al. 2012 ) at 3.6 and 4.5 µm, and from the Spitzer Wide-area Infrared Extragalactic Survey (SWIRE; Lonsdale et al. 2003 ) at 5.8 and 8.0 µm.
The photometry was measured following the procedure described in Gómez-Guijarro et al. (2018) for crowded and blended objects. Briefly, from the z to the K s bands we performed aperture photometry. The number of apertures is set to the number of 870 µm continuum sources. We excluded HXMM20-S3 because it is not clearly detected, being too faint and too close to HXMM20-S0 and HXMM20-S2 to disentangle its individual contribution. Therefore, we did not derive a stellar mass for this source. The apertures were selected in the K s band as large as possible (typically 2 diameter) without overlapping with neighboring apertures. We applied aperture corrections for every band by deriving the growth curve of a PSF in the different bands and computing the correction factor to the fluxes to account for the missing flux outside the aperture. The flux uncertainties were derived from empty aperture measurements. We only use detections above 3σ to guarantee a good SED fit (upper limits are included in Figure 7 ). In the case of Spitzer /IRAC 3.6 and 4.5 µm data the sources appear blended. In this case, the fluxes were calculated from PSF fitting with GALFIT as explained in Section 4.2 for the Spitzer /MIPS 24 µm images. The 5σ detection criterion to perform the PSF fit was reached for all sources in the 3.6 and 4.5 µm bands, but not in the 5.8 and 8.0 µm and, thus, these bands were not included in the SED fit (upper limits are shown in Figure 7 ). The number of PSFs was again set to the number of 870 µm continuum sources and the PSFs centroids were placed at the positions of K s band centroids used as priors, allowing a shift in both the X and Y < 1 pixel from the initial positions. To account the uncertainty in the photometry due to the deblending we performed a number of realizations varying the centroid coordinates randomly within 1 pixel of the best-fit centroid and fixing those coordinates for each realization.
We fitted the resulting SEDs using the code LeP-HARE (Arnouts et al. 1999; Ilbert et al. 2006 ) adopting Bruzual & Charlot (2003 stellar population synthesis models with emission lines to account for nebular line contamination in the broad bands. We assumed a Chabrier (2003) IMF, exponentially declining star formation histories (SFHs) and a Calzetti et al. (2000) dust law. The parameter grid employed ranges SFH e-folding times 0.1 Gyr-30 Gyr, extinction 0 < A V < 5, stellar age 1 Myr-age of the universe at the source redshift and metallicity Z = 0.004, 0.008 and 0.02 (i.e., solar). The redshift was fixed to the derived CO(3-2) spectroscopic redshifts for each source (see Tables 2 and 3 ).
The derived SEDs are shown in Figure 7 and the stellar masses in Table 6 . Additionally, we explored whether the output stellar extinction A V correlates with M dust derived in Section 4.2. We found no correlation between them. Some studies have shown that these two quantities could be linked to different stellar populations and depend differently on the viewing angle and on the geometry of the dust distribution (e.g., Safarzadeh et al. 2017; Faisst et al. 2017; Popping et al. 2017; Narayanan et al. 2018; Gómez-Guijarro et al. 2018) . The plausible different physical origin of the stellar and dust continuum light justifies the use of two different SED fitting techniques, one for the optical/near-IR SED and another one for the FIR SED, as opposed to employing an energy balanced solution that implies a direct relation between stars and dust.
With both the molecular gas and stellar masses we calculated the molecular gas fraction defined as f H2 = M H2 /(M * + M H2 ). The values are also presented in Table 6 .
5. DISCUSSION
Blends of DSFGs from Single-dish Selected Sources
HELAISS02 and HXMM20 are composed of four and five gas-rich DSFGs within a projected diameter of 125 kpc and 64 kpc, respectively. The HCOSMOS02 core comprises five gas-rich DSFGs within a projected diameter of 105 kpc. All the ALMA 870 µm continuum sources reported in Bussmann et al. (2015) for these three candidate protoclusters originally selected as single-dish Herschel /SPIRE sources turned out to be located at the same redshift as confirmed by the CO observations presented in our work. Such a high fraction of sources with small pairwise separations located at the same redshift are unexpected from both a theoretical perspective (Hayward et al. 2013; Cowley et al. 2015; Muñoz Arancibia et al. 2015; Hayward et al. 2018 ) and previous high spatial resolution follow-up of longer wavelength single-dish observations. Wardlow et al. (2018) presented CO observations from six single-dish selected 870 µm continuum sources that appeared as blends of at least two individual sources, suggesting that 64% of these individual sources are unlikely to be physically associated.
Our results are in line with Ivison et al. (2013) , that confirmed four ALMA 870 µm continuum sources across a ∼ 100 kpc region at z ∼ 2.41 through CO(4-3) and CO(1-0) observations in a Herschel /SPIRE-selected hyperluminous infrared galaxy. In addition, recent discoveries of z > 4 protoclusters with associated DSFGs resemble the result presented in our work. Oteo et al.
(2018) discovered a protocluster of at least 10 DSFGs at z ∼ 4.002, confirmed through [C I] and high-J CO transitions, located within a 260 kpc×310 kpc region. Miller et al. (2018) discovered a protocluster at z ∼ 4.31 of at least 14 gas-rich sources within a projected diameter of 130 kpc, confirmed from [C II], with eight of them also detected in CO(4-3) and 12 in 1 mm continuum.
Gas Fractions and Star Formation Efficiencies
At z ∼ 1.5-2.5 several works have studied the molecular gas content, efficiency of converting gas into stars and their relation with the specific star formation rate (sSFR = SFR/M * ) and with field galaxies, those that do not necessarily live in an overdense environment (e.g., Noble et al. 2017; Lee et al. 2017; Rudnick et al. 2017; Dannerbauer et al. 2017; Hayashi et al. 2018; Coogan et al. 2018) . In this section we explore and discuss these matters regarding our sample of protoclusters cores. We employed the properties derived for HELAISS02 and HXMM20 870 µm continuum sources in Section 4 and those derived in Wang et al. (2016) and Wang et al. (2018) for HCOSMOS02 for its five 870 µm continuum sources, with updated molecular gas masses based in our CO observations following the method described in Section 4.1.
The well studied correlation between the SFR and the stellar mass of star-forming galaxies (SFGs), so-called main sequence (MS) of star formation (e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007 ) permits to distinguish between MS galaxies, as those located within the scatter of the MS, and starburst (SB) galaxies, outliers to the MS exhibiting an elevated sSFR compared to MS galaxies. Another correlation in SFGs arises between the observables L CO(1−0) and L IR and, thus, between M H2 and SFR IR calculated from these observables, commonly referred in the literature as the star formation law or Kennicutt-Schmidt relation (KS relation; Schmidt 1959; Kennicutt 1998 , originally defined using star formation rate and gas mass surface densities). There are studies that suggest that MS and SB galaxies follow different relations between these quantities, with SB galaxies having increased star formation efficiency (SFE = SFR/M H2 ) (e.g., Daddi et al. 2010b; Genzel et al. 2010) .
In Figure 8 we show the location of the protocluster core members in the SFR − M * , L CO − L IR and M H2 − SFR IR planes, where M H2 comes from the CObased measurements as derived in Section 4.1. We can see that the integrated measurements for HELAISS02 and HXMM20 are consistent with the SB regime in SFR − M * , but with the MS relation in the observables KS plane L CO −L IR . The tension is somewhat smaller in Table 6 . HELAISS02 and HXMM20 Gas, Dust and Stellar Properties the case of HCOSMOS02, consistent with the MS scatter in SFR − M * plane. In order to explore the nature of this apparent discrepancies in Figure 9 we show how f H2 and SFE (or depletion time-scale, τ H2 = 1/SFE) vary as a function of the distance to the MS (DMS), defined as the ratio of the sSFR to the sSFR of the MS at the same stellar mass and redshift (sSFR/sSFR MS ). A number of studies have revealed that the DMS scales with both f H2 and SFE, with SFGs having increasing f H2 and SFE (lower τ H2 ) as they move to higher DMS (e.g., Daddi et al. 2010b; Genzel et al. 2010; Magdis et al. 2012; Sargent et al. 2014; Genzel et al. 2015; Scoville et al. 2017; Tacconi et al. 2018) . The integrated measurements for HELAISS02, HXMM20, and HCOSMOS02 follow the expected literature trends in f H2 . However, the behavior in SFE as a function of DMS is the opposite of what we know from the literature. It is important to remember the assumptions we made when deriving M H2 from CO in Section 4.1. The excitation conversion for HELAISS02 (r 31 = 0.69 ± 0.09) and the conversion factor α CO = 3.5. Adopting a MSlike excitation conversion r 31 = 0.42 ± 0.07 would increase the L CO(1−0) measurement (and M H2 ) and decrease the SFE (increase τ H2 ) as represented by the green arrows in Figures 8 and 9 . While the trend in f H2 is pretty robust to a change in this assumption, HELAISS02 SFE (τ H2 ) would move to values similar to HXMM20 within the uncertainties. In the case of α CO , the values were independently calculated for HELAISS02 and HXMM20 from M H2 estimates through the δ GD technique in Section 4.3. Wang et al. (2018) presented also individual α CO values for HCOSMOS02 members. Adopting these values instead, the trend in f H2 holds, but that of SFE (τ H2 ) is less robust (green, blue, and black arrows in Figures 8 and 9 ). The excitation assumption also affects the estimates of α CO and the mentioned change would lower the values of HELAISS02. Another assumption that affects the α CO estimates is the adoption of solar metallicity. If different from solar, we might expect that HXMM20, having lower stellar mass than HELAISS02 and HCOSMOS02, has a lower metallicity and, thus, higher α CO (e.g., Genzel et al. 2012; Magdis et al. 2012; Sargent et al. 2014) .
In addition to the integrated measurements, we explored the behavior of the individual 870 µm continuum sources in each protocluster core in the planes mentioned above. A caveat is the scaling assumption we used when deriving the L IR and SFR IR estimates for HELAISS02 and HXMM20 in Section 4.2. We have enough spatial resolution to get individual measurements of most of the sources in the left-hand side of the FIR SED peak through Spitzer /MIPS 24 µm and in the R-J side of the peak from ALMA 870 µm and 3 mm, but we have no constraints on the actual peak of the SED due the large beam size of Herschel /SPIRE compared to the distance between sources. Therefore, we scaled the integrated SPIRE fluxes to the ALMA 870 µm measurements for the distinct individual sources. While the R-J side of the FIR SED is enough to constrain M gas , from M dust using the δ GD technique, or through the single band measurement of the dust emission flux (see Section 4.3), the peak and the left-hand side are needed to constrain the overall shape of the SED and, thus, L IR and SFR IR . Consequently, the scaling assumption implies an almost constant SED shape that is dictated almost only based on the region sensitive to M dust , varying only based on 24 µm. This means an almost constant L IR /M dust ratio and, hence, Figure 7. HELAISS02 and HXMM20 optical/IR and FIR SEDs. First row: HELAISS02 and HXMM20 FIR SED and best fit for the integrated values over all sources. Second row: HELAISS02 FIR SED and best fit for each 870 µm continuum source. Third row: HXMM20 FIR SED and best fit for each 870 µm continuum source. Wavelengths are in the observer-frame. Fourth row: HELAISS02 optical/IR SED and best fit for the optical/near-IR counterparts associated to each 870 µm continuum source. Fifth row: HXMM20 optical/IR SED and best fit for the optical/near-IR counterparts associated to each 870 µm continuum source. Arrows indicate 3σ upper limits (5σ for the Spitzer bands). Wavelengths are in the observer-frame. these caveats, since the left-hand side of the FIR SED is better constrained thanks to the Herschel /PACS detections (Wang et al. 2016) . Additionally, the assumptions affecting the integrated measurements of the excitation conversion for HELAISS02 (r 31 = 0.69 ± 0.09) and the adopted α CO = 3.5 also applies to the individual sources.
Bearing in mind this caveats, the individual sources reproduce qualitatively the same trends of the integrated measurements. We see that our sources above the MS have higher f H2 than those within the MS. Besides SFE (τ H2 ) seem to decrease (increase) as a function of DMS. Some of the HCOSMOS02 sources display high SFE reaching the SB regime in the observables KS plane
In summary, we see that the most massive sources of each protocluster core (HELAISS02-S1 and S2, HXMM20-S4, HCOSMOS02-S2, S3, and S4) are those located within the MS and associated with the lowest gas fraction of each protocluster core. On the other hand, the least massive sources are those located above the MS and are completely dominated by molecular gas. This is also true for the integrated values, being HXMM20 the least massive and the most gas dominated with the highest fraction of galaxies above the MS, HCOSMOS02 the most massive and the least gas dominated with the lowest fraction of galaxies above the MS, while HELAISS02 plays an intermediate role. This points towards a different evolutionary stage of the three protocluster cores. Although there could be a difference in SFE (τ H2 ) between the different sources as a function of DMS, our current data requires the use of assumptions that are artificially creating any trend in SFE (τ H2 ). Additional higher spatial resolution at the peak of the FIR SED is paramount to uncover the real SFE of HELAISS02 and HXMM20. HCOSMOS02, with less caveats, points towards a decreasing SFE with DMS.
All this suggests that the molecular gas fraction is pushing the individual sources above the MS, while maintaining a MS-like efficiency as seen for both HELAISS02 and HXMM20 in the observables L CO −L IR plane. The latter is in agreement with Dannerbauer et al. (2017) that concludes that the SFE does not vary in dense environments compared to field galaxies. One possible explanation of why the least massive sources appear above the MS while maintaining a MS-like efficiency in forming stars could be that they are newly formed galaxies migrating to the MS, being the most massive sources already in place probably because they started forming earlier. For example, if the HELAISS02 and HXMM20 sources located above the MS consume half of their available molecular gas at their current SFR by z ∼ 2.00 and z ∼ 2.37, respectively, they will be located within the scatter of the MS.
After discussing the overall trends of the integrated and individual measurements, we compare f H2 and τ H2 with the gas scaling relations for field galaxies in Scoville et al. (2017) at the same redshift, stellar mass and DMS in Table 9 . The integrated f H2 are very similar to field galaxies within the uncertainties, perhaps indicating an overall small excess for HELAISS02 and HXMM20 (1.7 and 3.0σ, respectively). The individual sources show more discrepancies, with those within the MS (HELAISS02-S1, S2, HCOSMOS02-S2, S3, and S4) having a lack of molecular gas compared to the field, especially in the case of HCOSMOS02. In terms of τ H2 , the integrated measurements are larger than field galaxies for HELAISS02 and HXMM20 (2.0 and 5.1σ) and smaller for HCOSMOS02 (2.1σ). On a source-by-source basis, given the large caveats affecting the SFE (τ H2 ) estimates of HELAISS02 and HXMM20, it is difficult to draw conclusions. In summary, our results suggest that two of our protoclusters cores are only slightly more gas rich than field galaxies, but display higher τ H2 due to their MS-like SFE, somewhat unexpected at this redshift, stellar mass and DMS, where galaxies with an enhanced SFE in the field are more common. These two are the ones with the lowest overall stellar mass, while that with the highest overall stellar mass displays lower τ H2 due to some of its members having SB-like SFE and small f H2 compared to the field. In the literature the conclusions of studies that tackle gas fractions and efficiencies in protocluster galaxies compared to the field are varied. Noble et al. (2017) concluded that f H2 and τ H2 are higher in z ∼ 1.6 cluster environments than in the field, from a sample of 11 MS gas-rich sources located in three different targets. Rudnick et al. (2017) observed two protoclusters members at z = 1.62, one of them on the MS and the other below the MS, concluding that both f H2 and τ H2 are consistent with the gas scaling relation of field galaxies. Lee et al. (2017) also found consistent f H2 with the gas scaling relations in MS protoclusters members at z ∼ 2.49. Hayashi et al. (2018) detected 17 member galaxies in CO(2-1) and eight in 870 µm dust continuum at z = 1.46, arguing that f H2 and τ H2 are larger than those from the scaling relations. The sources were located on and below the MS. The authors speculated that the environment of galaxy clusters helps feeding the gas through into the cluster members and reduces the efficiency of star formation. On the other hand, Coogan et al. (2018) found lower τ H2 , enhanced SFE and highly excited CO SLEDs in protocluster members at z = 1.99, linking such activity to mergers. The general picture of how dense environments might or not contribute to enhance or suppress the accretion of gas and affect its efficiency to form stars is still debated and unclear. From our observations and based on the literature studies it seems that the evolutionary stage at which each protocluster structure is observed might play an important role in this picture.
SUMMARY AND CONCLUSIONS
We selected three Herschel candidate protoclusters with multiple ALMA 870 µm continuum counterparts with small pairwise separations in order to confirm whether they are or not located at the same redshift by using CO observations. In summary we found:
• Three out of three candidates are confirmed protocluster core systems, where all the ALMA 870 µm continuum sources previously reported are at the same redshift. We confirm the discovery of two new protocluster cores named HELAISS02 (z = 2.171 ± 0.004) and HXMM20 (z = 2.602 ± 0.002). . fH 2 (top panel), SFE and τH 2 (bottom panel) vs distance to the MS. The shadowed region represents the main sequence of star-forming galaxies defined by Schreiber et al. (2015) converted from Salpeter to Chabrier IMF with a 0.5 dex (3 times) scatter. The arrows indicate the expected displacement of the total values when using a MS-like excitation conversion (∆r31, affecting HELAISS02 in both panels) and when using the individual αCO (∆αCO, affecting HELAISS02, HXMM20, and HCOSMOS02 in both panels).
• We do not find any new secure CO(1-0) detections in the z = 2.51 COSMOS overdensity, in addition to the previously reported ones. Although the system consists on numerous members, some display only tentative CO(1-0) detections and they should be treated with caution requiring further confirmation.
• The physical conditions of the gas in HELAISS02 and HXMM20 reveal a star formation efficiency consistent with main sequence galaxies, although some of the sources are located in the starburst regime of the SFR − M * plane due to high gas fractions and yet small stellar masses. We suggest that they could be newly formed galaxies moving into the main sequence.
• Overall, the three studied protocluster cores display trends when compared to each other and the field. HXMM20 is the least massive system with enhanced gas fraction with respect to the field, while HCOSMOS02 is the most massive system with depleted gas fraction with respect to the field. More precise measurements of star formation efficiencies are needed to confirm a trend in this quantity. We suggest an evolutionary sequence between the three protocluster cores and that the comparison with field galaxies depends on the evolutionary stage of the structure.
